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ABSTRACT
A hybrid foldamer constructed from six cholate units and two methionines was labeled with a DANSYL (DNS) group. The foldamer was
solubilized by surfactant micelles to allow its usage as a fluorescent sensor for mercury ions present in the micromolar range in aqueous
solutions. Its sensitivity was largely independent of the concentration of nonionic surfactants but was strongly influenced by both the nature
and the concentration of ionic surfactants.
Foldamers are synthetic analogues of biomolecules that can
adopt well-defined, compact conformations.1 Because the
conformation of a molecule can be influenced by environ-
mental conditions such as the solvent polarity, pH, light, and
the presence of specific ions or molecules, foldamers have
potential applications as sensors. The biological world
abounds with such sensors in which binding between a signal
molecule and a protein causes a conformational change in
the latter and alters its catalytic activity or binding toward
another ligand or protein.2
We have been interested in using cholic acid as a building
block to construct conformationally controllable, amphiphilic
foldamers3 and nonfoldamers.4 Cholate foldamers can fold
into helical structures in nonpolar solvents mixed with a small
amount of a polar solvent.3 The folded helix forms a
nanometer-sized hydrophilic cavity, where the polar solvent
is concentrated from the mostly nonpolar environment, and
solvates the hydrophilic faces of the cholates to contract the
otherwise extended chain. Recently, we reported 1, which
(1) For several reviews, see: (a) Gellman, S. H. Acc. Chem. Res. 1998,
31, 173-180. (b) Kirschenbaum, K.; Zuckerman, R. N.; Dill, K. A. Curr.
Opin. Struct. Biol. 1999, 9, 530-535. (c) Hill, D. J.; Mio, M. J.; Prince, R.
B.; Hughes, T. S.; Moore, J. S. Chem. ReV. 2001, 101, 3893-4011. (d)
Cubberley, M. S.; Iverson, B. L. Curr. Opin. Chem. Biol. 2001, 5, 650-
653. (e) Sanford, A. R.; Gong, B. Curr. Org. Chem. 2003, 7, 1649-1659.
(f) Martinek, T. A.; Fueloep, F. Eur. J. Biochem. 2003, 270, 3657-3666.
(g) Cheng, R. P. Curr. Opin. Struct. Biol. 2004, 14, 512-520. (h) Huc, I.
Eur. J. Org. Chem. 2004, 69, 17-29. (i) Licini, G.; Prins, L. J.; Scrimin,
P. Eur. J. Org. Chem. 2005, 969-977.
(2) (a) Koshland, D. E., Jr. Proc. Natl. Acad. Sci. U.S.A. 1958, 44, 98-
105. (b) Koshland, D. E., Jr. Nat. Med. 1998, 4, 1112-1114. (c) Perutz,
M. F. Mechanisms of CooperatiVity and Allosteric Regulation in Proteins;
Cambridge University Press: Cambridge, 1990. (d) Herve´, G., Ed. Allosteric
Enzymes; CRC Press: Boca Raton, Florida, 1989. (e) Kvamme, E., Pihl,
A. Eds. Regulation of Enzyme ActiVity and Allosteric Interactions; Academic
Press: New York, 1968.
(3) (a) Zhao, Y.; Zhong, Z. J. Am. Chem. Soc. 2005, 127, 17894-17901.
(b) Zhao, Y.; Zhong, Z. J. Am. Chem. Soc. 2006, 128, 9988-9989.
(4) (a) Ryu, E.-H.; Zhao, Y. Org. Lett. 2004, 6, 3187-3189. (b) Zhao,
Y.; Ryu, E.-H. J. Org. Chem. 2005, 70, 7585-7591. (c) Ryu, E.-H.; Yan,
J.; Zhong, Z.; Zhao, Y. J. Org. Chem. 2006, 71, 7205-7213.
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has two methionine units included in the sequence and a
fluorescent Dansyl group at the chain end.3b As a fluorescent
sensor, this hybrid foldamer has an unusual tunability in its
sensitivity to mercury ions.5 In the folded state, it is
preorganized as a bidentate ligand and can bind Hg2+ with
a binding constant (Ka) > 107 M-1. In the unfolded state, on
the other hand, binding has to overcome an unfavorable
folding equilibrium and can be extremely weak (Ka < 100
M-1 in the worst cases). Moreover, 1 is highly selective
toward Hg2+, showing negligible interference from other
divalent cations, such as Mg2+, Zn2+, Cu2+, Co2+, Ni2+, and
even Pb2+.3b
However, being mostly nonpolar, 1 is insoluble in water
and thus cannot be employed to detect mercury ions in
aqueous solutions. Herein, we report the incorporation of 1
into surfactant micelles to overcome this deficiency. In
addition, the micelles not only provide a hydrophobic local
environment to solubilize the foldamer sensor but also allow
the modulation of its sensitivity by the ionic characteristics
of the surfactant.
The basis for using surfactant micelles to solubilize 1
comes from the fact that, as a metabolite of cholesterol, cholic
acid has a lipid-compatible hydrophobic backbone. In fact,
bile salts, including sodium cholate, form mixed micelles
readily with surfactants or phospholipids.6 An X-ray dif-
fraction study by Small et al. demonstrated that sodium
cholate can aggregate within the hydrophobic domain of
lipids to form reversed-micelle-like structures.7 In the
literature, lipid-compatible cholate derivatives have been
frequently reported.8
The three surfactants chosen in our study are CTAB
(cetyltrimethylammonium bromide), SDS (sodium dodecyl
sulfate), and Triton X-100. They are representative examples
of cationic, anionic, and nonionic surfactants used previously
by other researchers.9 Their critical micelle concentrations
(CMCs) are 1, 8, and about 0.3 mM in water, respectively.9,10
The first indication for internalization of 1 within the micelles
comes from its fluorescence intensity. In general, Dansyl
derivatives emit more strongly in organic solvents and are
nearly nonfluorescent in water.11 In our hands, the emission
intensity of 1 is stronger in less polar solvents, such as 5%
MeOH/ethyl acetate, THF, and t-BuOH, than in more polar
solvents, such as MeOH and EtOH (Supporting Information,
Figure 1S).12 In water/THF mixtures, the emission of 1
clearly decreases with a higher percentage of water. Because
the intensity of 1 in the three surfactant solutions above the
CMC is comparable to those in organic solvents (Supporting
Information, Figure 1S), it is reasonable to assume that the
Dansyl group of 1 is in a relatively hydrophobic environment.
Among the three surfactants, Triton X-100 gives the strongest
fluorescence for 1, suggesting that its micelle is the most
hydrophobic, in agreement with previous literature studies.9
The maximum emission wavelength (ìmax) of Dansyl is
sensitive to the polarity of its local environment and typically
shifts to the blue as the environment becomes less polar.11
Compound 1 is not soluble in nonpolar solvents (e.g., hexane
or pure ethyl acetate). Among the solvents studied, 5%
MeOH/ethyl acetate and THF give the lowest ìmax at 497
and 487 nm, respectively; polar solvents afford a higher ìmax,
up to 522 nm for 30% H2O in THF. With surfactants, the
ìmax of 1 ranges from 487 to 497 nm, also suggesting that 1
is in a fairly nonpolar environment (Supporting Information,
Figure 2S).12 Among the three surfactants, Triton X-100
affords the lowest ìmax (487 nm) for the Dansyl group,
consistent with a most hydrophobic micelle.
Being confident of the micellar incorporation of 1, we then
titrated it with Hg(NO3)2 in the presence of surfactants at or
above their CMC. Immediately, we noticed a large effect
on its binding with Hg2+ caused by the type of surfactants.
The fluorescence of 1 is nearly unquenched by Hg2+ in
CTAB solutions but quenched easily in Triton X-100 and
most efficiently in SDS micelles (Figure 1a). The binding
strength clearly follows the order of cationic micelle ,
nonionic micelle < anionic micelle. Such an order is not a
(5) For some examples of mercury sensors, see: (a) Yoon, J. Y.; Ohler,
N. E.; Vance, D. H.; Aumiller, W. D.; Czarnik, A. W. Tetrahedron Lett.
1997, 38, 3845-3848. (b) Brummer, O.; La Clair, J. J.; Janda, K. D. Org.
Lett. 1999, 1, 415-418. (c) Rurack, K.; Kollmannsberger, M.; Resch-
Genger, U.; Daub, J. J. Am. Chem. Soc. 2000, 122, 968-969. (d) Descalzo,
A. B.; Martinez-Manez, R.; Radeglia, R.; Rurack, K.; Soto, J. J. Am. Chem.
Soc. 2003, 125, 3418-3419. (e) Nolan, E. M.; Lippard, S. J. J. Am. Chem.
Soc. 2003, 125, 14270-14271. (f) Kim, J. H.; Hwang, A. R.; Chang, S. K.
Tetrahedron Lett. 2004, 45, 7557-7561. (g) Metivier, R.; Leray, I.; Valeur,
B. Chem.-Eur. J. 2004, 10, 4480-4490. (h) Ono, A.; Togashi, H. Angew.
Chem., Int. Ed. 2004, 43, 4300-4302. (i) Watton, S. P.; Wright, J. G.;
MacDonnell, F. M.; Bryson, J. W.; Sabat, M.; Ohalloran, T. V. J. Am. Chem.
Soc. 1990, 112, 2824-2826. (j) Chen, P.; He, C. A. J. Am. Chem. Soc.
2004, 126, 728-729. (k) Kim, I. B.; Erdogan, B.; Wilson, J. N.; Bunz, U.
H. F. Chem.-Eur. J. 2004, 10, 6247-6254. (l) Moon, S. Y.; Cha, N. R.;
Kim, Y. H.; Chang, S. K. J. Org. Chem. 2004, 69, 181-183. (m) Matsushita,
M.; Meijler, M. M.; Wirsching, P.; Lerner, R. A.; Janda, K. D. Org. Lett.
2005, 7, 4943-4946. (n) Yoon, S.; Albers, A. E.; Wong, A. P.; Chang, C.
J. J. Am. Chem. Soc. 2005, 127, 16030-16031. (o) Caballero, A.; Martinez,
R.; Lloveras, V.; Ratera, I.; Vidal-Gancedo, J.; Wurst, K.; Tarraga, A.;
Molina, P.; Veciana, J. J. Am. Chem. Soc. 2005, 127, 15666-15667. (p)
Kim, I.-B.; Bunz, U. H. F. J. Am. Chem. Soc. 2006, 128, 2818-2819.
(6) Carey, M. C. Physical-Chemical Properties of Bile Acids and Their
Salts. In Sterols and Bile Acids; Danielsson, H., Sjo¨vall, J., Eds.; Elsevier:
Amsterdam, 1985; Chapter 13.
(7) (a) Small, D. M.; Dourge`s, M. Mol. Cryst. 1966, 1, 541-561. (b)
Small, D. M.; Dourge`s, M. C.; Dervichian, D. G. Biochim. Biophys. Acta
1966, 125, 563-580.
(8) For examples, see: (a) Smith, B. D.; Lambert, T. N. Chem. Commun.
2003, 2261-2268 and references therein. (b) Davis, A. P.; Joos, J.-B. Coord.
Chem. ReV. 2003, 240, 143-156 and references therein. (c) Janout, V.;
Lanier, M.; Regen, S. L. J. Am. Chem. Soc. 1996, 118, 1573-1574. (d)
Yoshino, N.; Satake, A.; Kobuke, Y. Angew. Chem., Int. Ed. 2001, 40,
457-459.
(9) For differences in the solubilizing power and interior hydrophobicity
of the corresponding micelles, see: Kano, K.; Ueno, Y.; Hashimoto, S. J.
Phys. Chem. 1985, 89, 3161-3166.
(10) Rosen, M. J. Surfactants and Interfacial Phenomena, 2nd ed.;
Wiley: New York, 1989; Chapter 3.
(11) Li, Y.-H.; Chan, L.-M.; Tyer, L.; Moody, R. T.; Himel, C. M.;
Hercules, D. M. J. Am. Chem. Soc. 1975, 97, 3118-3126.
(12) The Supporting Information.
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surprise, as Hg2+ is positively charged and should be repelled
by CTAB headgroups but attracted by those of SDS.
Nonionic micelles give intermediate affinity because neither
favorable nor unfavorable electrostatic interactions are
involved. In the most “folding-friendly” solvents, such as
5% MeOH in hexane/ethyl acetate (2:1), 1 was shown to
detect 20 nM concentrations of Hg2+.3b Binding is noticeably
weaker when 1 is in surfactant micelles but still allows easy
detection of Hg2+ at 1 íM (Figure 1a, 2).
The binding of Hg2+ was previously confirmed to be 1:1
by the Job plot.3b The association constants determined by
nonlinear least-squares fitting are summarized in Table 1.
Examination of the data quickly reveals that the type of
surfactants not only has a direct impact on Ka but also
influences how Ka responds to the concentration of the
surfactant. For example, Ka is nearly the same when the
concentration of Triton X-100 is varied between 1 and 10
mM. This insensitivity also can be seen from the nearly
identical titration curves in Triton solutions with different
concentrations (Supporting Information, Figure 3S).12 On the
other hand, Ka is clearly dependent upon the concentration
of SDS (entries 5-12, Table 1; also see Figure 4S in the
Supporting Information). Furthermore, fluorescence titrations
could be obtained with SDS well below its CMC of 8 mM,
even down to 0.1 mM. However, when the concentration of
Triton X-100 drops below the CMC, the fluorescence of 1
becomes unstable. Thus, premicellization is not required for
the solubilization of 1 by SDS but seems to be important
with the nonionic Triton X-100.
During aggregation, SDS molecules have to overcome
substantial electrostatic repulsion that is not present during
the aggregation of Triton.13 Because of the neutrality of 1,
co-aggregation of SDS and 1 should be more favorable than
aggregation of SDS with other SDS molecules. In contrast,
co-aggregation of Triton and 1 does not have any particular
advantage over the homoaggregation of Triton. In essence,
a hydrophobic molecule such as 1 can induce the aggregation
of SDS14 but cannot do so (at least not as effectively) for
the nonionic Triton. This is probably the reason pre-
micellization is needed for Triton to solubilize 1 but is
unnecessary for SDS.
Interestingly, the binding energy (-¢G) in SDS solutions
shows a distinctive maximum at the CMC of the surfactant
(Figure 1b). Negatively charged surfactants undoubtedly can
enhance the effective concentration of positively charged
Hg2+ on the surface of the micelles. This “mercury-
concentrating” effect is very likely to be most effective at
the CMC, at which the surfactants start to work cooperatiVely
to attract the metal ion. With a further increase in the
concentration of SDS, more micelles are created that are only
sensor free. (Note that the surfactant is used at a much higher
concentration than the sensor.) These additional micelles are
expected to compete with the sensor-containing micelles for
Hg2+ and thus reduce the binding strength.
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(13) This is the fundamental reason nonionic surfactants tend to have
lower CMCs than ionic ones with comparable hydrophobes.
(14) Hydrophobic polymers are known to be highly effective at inducing
the aggregation of ionic surfactants below the CMC; see: Rosen, M. J.
Surfactants and Interfacial Phenomena, 2nd ed.; Wiley: New York, 1989;
p 181.
Figure 1. (a) Normalized maximum fluorescence intensity of 1 in
5 mM CTAB ([), 1 mM Triton X-100 (0), and 8 mM SDS (2) as
a function of [Hg2+]. (b) Binding energy (-¢G) between 1 and
Hg2+ as a function of [SDS].
Table 1. Binding Data for 1 and Hg(NO3)2 at 25 °C
entry surfactanta Ka (M-1) -¢G (kcal/mol)
1 Triton X-100 (10 mM) (6.3 ( 0.9)  104 6.5
2 Triton X-100 (5 mM) (7.6 ( 1.4)  104 6.7
3 Triton X-100 (2 mM) (6.6 ( 1.6)  104 6.6
4 Triton X-100 (1 mM) (6.4 ( 1.3)  104 6.5
5 SDS (40 mM) (1.1 ( 0.2)  105 6.9
6 SDS (16 mM) (2.0 ( 0.3)  105 7.2
7 SDS (8 mM) (6.5 ( 0.5)  105 7.9
8 SDS (4 mM) (4.8 ( 1.0)  105 7.7
9 SDS (2 mM) (4.3 ( 0.4)  105 7.7
10 SDS (1 mM) (3.3 ( 0.6)  105 7.5
11 SDS (0.2 mM) (1.7 ( 0.3)  105 7.1
12 SDS (0.1 mM) (1.2 ( 0.1)  105 6.9
a Ka (<400 M-1) could not be determined accurately in 5 mM CTAB.
The solution turned cloudy with >90 íM Hg2+, probably due to the low
solubility of the HgBr2 formed from Hg(NO3)2 and CTAB.
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